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Environmental issues and regulations are pushing the automotive
industry to produce more efficient and environmentally friendly vehicles. To
address these issues, reducing the weight of the vehicles by use of aluminum
alloys is increasing. AA6022-T43 is a new sheet aluminum alloy designed
specifically for automobile enclosure panels. Because this alloy is new, little
data exists on its mechanical properties in the open literature. AA6022-T43
is received by the automotive industry in 1-mm thick sheet stock and
subsequently stamped into the desired component.

The design and

manufacturing processes of the component are guided by the materials

mechanical behavior.

This study characterizes the mechanical and

microstructural properties of AA6022-T43 from uniaxial monotonic tensile
tests.
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CHAPTER I
INTRODUCTION
In the automotive industry there is an on going quest to produce more
efficient and environmentally friendly vehicles, while retaining the same
structural integrity for safety.

As a result, automakers are turning their

attention towards materials other than traditional steels. Cast aluminum
components are currently being used in a variety of structural applications
for automobiles, and now aluminum alloy sheet materials are being
considered to produce outer and inner body enclosure panels. Aluminums
lower density coupled with the advantages of precipitation strengthening
through alloying enhances its appeal to the automotive industry.

In the

automotive industry aluminum usage is increasing, and will only continue to
grow with the production of new sheet aluminum alloys designed specifically
for the industry, such as AA6022-T43.
Body panels are created from sheet stock by stamping operations. The
contours of these panels are designed to not exceed the formability of the
-1-

-2material during the stamping process. In addition the aesthetics of a car
dictate requirements for the surface finish.

Ideally, the material being

formed should have a low yield stress during stamping and a substantially
higher yield stress in service. In the 6XXX series aluminum sheets this is
obtained by precipitation strengthening during the paint bake cycle.
Qualitatively

summarizing

the

requirements

for

automotive

sheet

applications the materials used have to be formable to produce the desired
shapes of the body panels, possess adequate hardenability to resist dents in
service and provide structural integrity, corrosion resistant to withstand the
environment and aid in longevity, and produce components with a specified
surface quality.

Alcoa developed and commercialized the 6022 aluminum

alloy to meet these requirements through advanced microstructural design,
careful control of the chemical constituents, and proprietary production
processes [1].
The design of sheet metal components and optimization of processing
parameters can be simplified with accurate material models that take into
consideration the relationship between microstructure and mechanical
properties.

One such genre is the inclusion of damage mechanics in

modeling, where internal damage accumulates through void nucleation,
growth, and coalescence. In damage modeling a high degree of success has

-3been achieved for predicting the durability and reliability of cast and thick
walled components.

Generally speaking, castings have traditionally

contained higher void volume fractions than rolled sheet materials. Under
the stress triaxiality conditions present in thick walls, these porosity voids
grow and coalesce. Implementation of this damage modeling technique for
predicting the durability and reliability of rolled sheet aluminum components
presents new challenges. AA6022-T43 rolled sheet aluminum contains no
voids and the primary strengthening precipitates are on the order of
nanometers. Thus the volume fraction of noncoherent inclusions and second
phase particles is negligible. To utilize a damage mechanics approach, other
microstructure property relationships must be found to account for void
nucleation.
Previous researchers [1-3] have observed that internal damage
accumulation in deformed aluminum sheet metals originates within shear
bands. The initial texture and grain size in sheet metals affects shear band
formation and is an important factor in material failure. Results from this
study characterize the microstructure and mechanical properties of AA6022T43, and illustrate how the initial microstructure of a monotonically loaded
tensile specimen affects the material behavior.

CHAPTER II
BACKGROUND
2.1

Literature Review

2.1.1 AA6022-T43
Since AA6022-T43 is a new alloy, little data exist in the open literature
as to its mechanical properties and microstructural characterization [1, 4-11].
General information pertaining to the development and commercialization of
the alloy for automotive sheet applications was discussed by Kamat et al. [1].
Basic quasistatic uniaxial tension tests and load controlled fatigue tests
performed on AA6022 sheet material were documented by Wang and Kassner
[5]. In situ observations of precipitate evolution were documented by Brabie
[11]. Choi et al. [12] studied the formation of mesoscale roughening in 6022T4 deformed in plane-strain, and Chow and Jie [13] developed a generalized
localized necking criterion to aid in the theoretical prediction of forming

-4-

-5limits. The weldability of commonly used aluminum alloys in the automotive
industry including 6022 was reported by Mossman and Lippold [9].
Alcoa developed aluminum alloy sheet 6022 for the automotive
industry in the late 1980’s.

Its original temper during the developmental

phase was -T4E29, an Alcoa internal temper designation. Aluminum alloy
sheet 6022 has since been registered with the Aluminum Association as –T43
in the as received state. The composition of the material as registered with
the Aluminum Association can be seen in Table 2.1
Table 2.1:

AA6022 chemical composition as registered with the Aluminum
Association

The 6XXX series class of aluminum alloys is heat treatable with
primary chemical constituents of Al, Mg, and Si. These constituents combine
to precipitation strengthen the aluminum matrix. Manganese or chromium
can be added to increase the strength and to control the grain size. Copper
additives also increase the strength, but at the cost of reducing corrosion
resistance. Common to both 6111 and 6022, Cu, is added to increase the
materials hardenability. The precipitation sequence in heat-treating 6XXX
series aluminums in its most general form is given in Equation (2.1), where
α(SSS) is the supersaturated solutionized aluminum, GP zones are Guinier-

-6Preston zones, β’’ is the primary strengthening precipitate, and β’ and β are
secondary strengthening precipitates.

(2.1)
AA6022’s largest competitor AA6111 has a significantly higher Fe and
Cu content.

The chemical composition for 6111 as registered with the

Aluminum Association can be seen in Table 2.2. Precipitation strengthening
kinetics are increased in AA6111, but there are adverse affects as a result of
the increased Fe and Cu.
Table 2.2:

Miao

AA6111 chemical composition as registered with the Aluminum
Association

and Laughlin

[6,

7] have

strengthening kinetics of AA6022-T43.

researched the precipitation
Using differential scanning

calorimetry (DSC) and the transmission electron microscope (TEM), along
with hardness tests, Miao and Laughlin [6] found the β’’ precipitate to be the
primary strengthener.

The strength of 6022 and the rate at which the

strength is obtained with artificial aging was found to increase with
increasing Cu content [7].

The precipitation kinetics of AA6111 were

-7observed to be faster than AA6022 [8].

Chakrabarti et al. [14] and

Murayama et al. [15] also studied the effects of Cu additions on the
precipitation kinetics of 6XXX series aluminum alloys.
When used for automobile enclosure panels the primary source for
artificial aging comes from the paint bake cycle in the manufacturing process.
The typical paint bake cycle consists of heating at approximately 175 C for
duration of approximately 30-min. In the studies [6-8, 14, 15] it was seen
that after the paint bake cycle the materials were in the underaged condition

2.1.2 Grain Boundary Properties
Because of the significant effects they have on the functional properties
of polycrystalline aggregates, grain boundaries (GBs) have been the subject of
intensive experimental and theoretical research [16-21]. Hall [16] and Petch
[17] developed empirical formulae linking the inverse dependence of yield
stress with grain size. Weinberg [18] showed that grain boundary shearing
was a function of shear stress, temperature, time, and grain boundary
misorientation angle, which indicated that the behavior of metals under high
temperature creep conditions was influenced by the type of grain boundaries.
While early studies, such as [18], relied on optical microscopy and etch lines
to investigate the affects of grain boundaries, more recently the focus has
been on studying dislocation based grain boundary interactions in the TEM

-8[19-21]. Clark [19] reported that the stresses that GBs can sustain vary from
the lattice friction stress, to the bulk yield stress depending on the
orientation.

Recently [20], grain boundary triple points (GBTPs), an

intersection of three grain boundaries, have been recognized as structural
elements with properties that differ from the grain boundaries and the grains
that adjoin them. Therefore, GBTPs can be treated as thermodynamically
distinct phases, separate from grain interiors and GBs.
2.2

Tensile Testing
Tension tests provide information on the strength and ductility of

materials under an uniaxial applied load. Standard analysis is based on an
idealized physical situation, which in general can be thought of as a long
slender material in which an applied load results in an elongation along its
length. There are some basic assumptions that must be considered when
analyzing the data obtained from a test. First, the loading must be entirely
axial, and, second, the deformation takes place uniformly along the length
and through the cross section of the test specimen. The recorded data from
load and elongation can be normalized by either the original specimen length
or the instantaneous specimen length to produce either engineering stressstrain plots or true stress-true strain plots, respectively.

-9ASTM has produced standard test specimen geometries and guidelines
for tension testing, such as E8, B557, and E111 [22-24].

E8 [22] is a

generalized standard for tension testing of metallic materials, where as, B557
[23] pertains specifically to the tension testing of wrought and cast aluminum
and magnesium alloys. Specifications for reducing mechanical property data
can be found in E111 [24].
2.3

Metallurgical Procedures
Both the optical microscope (OM) and the scanning electron microscope

(SEM) are used to examine macro- and microstructural features in crystalline
materials. The samples are prepared by sectioning, taking care not to induce
damage or changes in the microstructure. The initial microstructure and the
deviations of the initial microstructure as a result of uniaxial tension are of
interest, and any artifacts as a result of sectioning or polishing are unwanted.
Thus good metallurgical procedures have been established to minimize
artifacts from grinding and polishing.
Because of the many techniques and wide selection of equipment
available for preparing metallurgical specimens, the preparation of the
specimens is often referred to as an art. ASTM standard E3 [25] serves, as a
general guideline by presenting practices that experience has shown to be
generally satisfactory

-102.4

Introduction to Electron Backscattered Diffraction
In 1914 Max Von Laue won the Nobel Prize in Physics for the

discovery of the diffraction of x-rays by crystals [26]. Just one year later in
1915 Sirs W H Bragg and W L Bragg shared the Nobel Prize in Physics for
their contributions in the analysis of crystal structures by diffracted x-rays
[27].

These people were major contributors to the field of x-ray

crystallography, which has evolved to include technologies involving the
transmission

electron

microscope (SEM).

microscope

(TEM)

and

the

scanning

electron

By 1981 [28] there were three major diffraction

techniques being used in the SEM: Selected Area Electron Channeling
(SACP), Micro Kossel X-Ray Diffraction (MKXD), and electron backscattered
diffraction (EBSD).

Each of these techniques has its respective pros and

cons. SACP can show the greatest detail and can be imaged directly. EBSD
can yield data from the smallest areas and can be imaged directly. MKXD
can yield the most precise data from which the patterns are obtained.
Because of the recent advancements and commercial availability of EBSD, It
usage is increasing as shown in Figure 2.1. Over the past 14 years, the
number of EBSD journal citations has increased 10 fold.

-11-

Figure 2.1: EBSD journal citations over the past 14 years

EBSD is a surface sensitive technique in the SEM that can determine
crystallographic information from a crystalline sample. In this technique an
electron beam strikes a tilted crystalline sample and diffracted electrons from
the sample are collected on a phosphor screen. These diffracted electrons
form patterns that correspond to the orientation of the crystal lattices.
Hough transforms [29, 30] are used to interpret the data.

In crystalline

materials, these patterns can be used to determine crystal orientation,
discriminate between different phases, and provide information about local
crystalline perfection.

-12The electron beam can be scanned over a region of polycrystalline
sample recording information for numerous crystals or grains.
manner an orientation image map (OIM) is formed.

In such a

From the OIM

information on the grain morphology, orientation, and grain boundary
misorientation can be determined. Data from an OIM can also be used to
determine if the polycrystalline material has a texture or preferred
orientation, as a result of processing.
Figure 2.2 is a diagram of a typical modern SEM-EBSD arrangement.
The most important components of the system are labeled.

A sample of

interest tilted at 70-deg is located in the SEM chamber under vacuum along
with the phosphor detector, stage, and beam controls. Scattered electrons
from the electron beam striking the sample impinge upon the phosphor
screen to produce characteristic diffraction patterns that are relayed to the
computer via a CCD camera.

A computer is interfaced with electronic

hardware responsible for controlling the SEM, and EBSD experiments.
Diffraction patterns are analyzed and processed on the computer through
software programs.

-13-

Figure 2.2: Typical modern arrangement of an EBSD system

Fundamental to EBSD is Bragg’s diffraction law, Equation (2.2); where
n is an integer describing the order of diffraction, λ is the wavelength of the
electrons, d is the spacing of the crystallographic planes, and θ is the angle of
incidence of the electrons on the crystallographic planes. Scattered electrons

-14that are incident on atomic planes that satisfy Bragg’s Law are diffracted to
form sets of paired large angle cones corresponding to the crystallographic
plane [31-33].

When captured on the phosphor detector the regions of

enhanced electron intensity form the Kikuchi bands of the electron
backscattered diffraction pattern (EBSP) [29].
(2.2)
To describe the orientations of the grains within specimens the
crystallographic directions must have a frame of reference. This reference
coordinate system is independent of the crystallographic directions and
directions typically associated with specimens, such as the rolling direction.
Rather, it is permanently fixed to the geometry of the SEM-EBSD system as
illustrated in Figure 2.3.

-15-

Figure 2.3: Reference coordinate system for specimens in the EBSD system

2.5

Specimen Nomenclature
During the discussion of specimen microstructure three planes will be

referred to: Rolling Plane (RP), Transverse Plane (TP), and Longitudinal
Plane (LP).

These planes are in accordance with Figure 2.4. Figure 2.5

shows how specimens were cut from the initial rolled sheet to produce tensile
specimens at 0, 45, and 90-deg to the rolling direction.

-16-

Figure 2.4: Standard nomenclature for labeling the planes of rolled sheet
metal

Figure 2.5: Tensile specimens cut from the rolled sheet metal where the
tensile direction is 0, 45, and 90-deg to the rolling direction in
specimens 1, 2, and 3, respectively

-17The three directions of the specimen are the reference coordinate
system for EBSD: Reference Direction (RD), Transverse Direction (TD), and
Normal Direction (ND). Figure 2.6 shows a schematic of a specimen labeling
the directions.

Figure 2.6: Schematic representation of specimen directions

CHAPTER III
EXPERIMENTAL DESCRIPTION
3.1

Differential Scanning Calorimetry (DSC)
DSC analysis was used to verify the reported precipitation sequence.

Samples of AA6022-T43 were solutionized by annealing at 560- C in air for
20-min followed by quenching in ice water.
A NETZCH DSC 404C differential scanning calorimeter was used in
the analysis.

The AA6022 sample mass was 11.7-mg.

Using reported

heating rates [6], the DSC trace was taken with a scan rate of 10 C/min.
3.2

Tensile Testing
AA6022-T43 aluminum alloy sheet was received with a nominal

thickness of 1-mm. Tensile specimens were prepared with 0.5-in wide gage
sections.

Figure 3.1 [23] documents the dimensions of the specimens.

Tensile tests were conducted to obtain stress-strain diagrams from specimens
strained at 0, 45, and 90-deg to the rolling direction.
-18-

-19-

Figure 3.1: ASTM B557 standard sheet type specimen
Testing was performed on an Instron 5869 electro-mechanical
universal testing machine with a 10-ksi load-cell and a 2-in nominal gage
length extensometer. The Merlin software suite was used to control the tests
and collect load, displacement, and strain data. Negligible strain rate affects
were observed over the limits of the constant crosshead velocity of the
machine, 0.2 in/min to 20 in/min [4].
Two separate sets of tests were performed. In one set of tests tensile
specimens were strained at 0, 45, and 90-deg to the rolling direction to
document the material properties. Five specimens for each orientation were

-20strained to failure in this set of tests. The other set of tensile tests consisted
of interrupted tensile tests were the specimens were strained to 70%- and
90%-εf, where εf is the failure strain. These tests were run at 0-deg to the
rolling direction and were used to examine the microstructural changes that
occur with increasing deformation.
All of the tests were run with a constant crosshead velocity of 0.4in/min and a data collection rate of 20-µs to ensure a sufficient number of
data points were obtained in the elastic regime. When determining Young’s
Modulus there were approximately 100 usable data points from each test. To
reduce the error associated with measuring very small strains a preload of
10-lbf was used as the criteria for picking a starting point in the elastic
region when determining Young’s Modulus. To safely choose an ending point
for calculating Young’s modulus the last data point before 18-ksi true stress
was used. A least squares curve fit in accordance with ASTM E111 [24] was
performed on the chosen data points to determine the modulus and to allow
for statistical analysis
3.3

Metallurgical Procedures
As received AA6022-T43 sheet was sheared into 8-in by 1-in strips for

machining tensile specimens.

Smaller sections for microscopic specimens

were cut with a liquid cooled diamond metallurgical saw. These microscopic

-21specimens were used to characterize the initial microstructure of the material
and consisted of specimens prepared for documenting the microstructure of
the RP, TP, and LP.

The specimens cut for observing the RP were

approximately 1-in x 0.5-in by the material thickness, and were mounted to
facilitate polishing of the RP. Specimens cut for observing the TP and LP
were no larger than 1-in x the material thickness with a depth no greater
than 0.5-in.

Specimens for documenting the initial microstructure were

mounted using Buehler EPO-KWICK cold mounting compound and 1.25-in
diameter forms. The mounts were poured no thicker than 0.5-in and were
cured in a vacuum chamber to reduce air bubbles.
Rough and fine grinding procedures used successive grit wet silicon
carbide papers: 320, 400, 600, 800, and 1200.

Polishing was done using

rotating pads of Buehler microcloth and successive alumina powder: 1-µm,
0.3-µm, and 0.5-µm, lubricated with water. During polishing the pad and
specimen were frequently washed.

The pad was replaced between each

successive step and the specimen was sonicated in a water bath between each
successive step.

Final polishing was accomplished using Syton HT-50, a

colloidal silica suspension with an average particle size of 40-nanometers,
and a vibratory polisher with a microcloth pad.

-22The tensile specimens were prepared using the procedure outlined,
prior to straining. Because of the dimensions of the tensile specimens, typical
cold mounting procedures were not practical. In order to polish the 8-in long
tensile specimens, a backing block of polished aluminum was attached using
super glue.

Super glue provided sufficient holding capabilities for all

grinding and polishing steps, and specimens could be separated from the
backing block with acetone.
To enhance the contrast of the grains in the optical microscope (OM) a
modified Keller’s reagent (25-ml methanol, 25-ml hydrochloric, 25-ml nitric,
and 1 drop hydrofluoric) was used. The specimens were submersed in the
etchant for 15 seconds before rinsing with water.
3.4

Optical Microscopy
An Olympus inverted OM was used to qualify the polishing procedure

and characterize the microstructure of the material. Images of the polished
and etched samples were used to document the three orientations of the as
received material.

The unstrained polished and unetched AA6022-T43

microscopic specimens were examined for micron scale inclusions and second
phase particles.

After deformation, the polished and unetched specimens

were inspected for the formation of shear bands.
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Scanning Electron Microscopy
Additional microstructural examination used the SEM.

Table 3.1

offers a comparison of the magnification, depth of field, and resolution of the
OM versus the SEM.

Resolution in the SEM is expanded an order of

magnitude over the OM, and the depth of field in the SEM is greater than
two magnitudes of that in the OM. With this increased resolution smaller
particles and inclusion can be detected in the material, and the increased
depth of field in the SEM is extremely beneficial in examining the fracture
surfaces of the material, as well as, the strained specimens due to surface
roughening.
Table 3.1:

OM versus SEM

The SEM used in this study is a JEOL FE-6500, a field emission –
scanning electron microscope (FE-SEM), equipped with an Oxford suite of
detectors: energy dispersive spectrometer (EDS), wavelength dispersive
spectrometer (WDS), and electron backscattered diffraction (EBSD) detectors.
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EBSD
Microscopic specimens for the initial microstructural characterization

were left in their mounts during EBSD analyses. Because these specimens
were contained in non-conducting polishing mounts carbon tape was placed
over part of the specimen and connected to the mount affixed to the
microscope stage. Specimens from the interrupted tensile tests were cut from
the center of the gage length to have an approximated length of 1-in, making
the overall dimensions approximately 1-in x 0.5-in x 0.039-in.

These

specimens were mounted to a conducting stub via double-sided carbon tape.
The EBSD system was calibrated for working distance between 10 to
22-mm. In all OIMs a single pattern center was used, meaning that the
change in working distance that occurs when scanning the tilted specimens
was not compensated. Compensation was not needed because the scanned
areas were relatively small and large working distances from 18 to 20-mm
were used. At these working distances the depth of field was set so that the
beam remained focused over the area of interest and the diffraction patterns
were relatively centered on the phosphor screen during the scan.
The acceleration voltage of the microscope was set at 10-kV and an
aperture setting of 3 was used. Pixel binning was set to high and a video
gain of 30-40 was used. These settings allowed an integration time of 150 to

-25200-ms to be used. A #11 Hough filter was used. In most cases a top map
size of 256 was used and could be obtained in 2-hr. Lower resolution top
maps of 128 were used with unstrained specimens. The top map size refers
to the number of pixels (scan points) over the width of the area of interest.
The number of pixels used in the height of the area of interest are adjusted to
match the width in such a manner that if the are of interest were a perfect
square then there would be 256 scan points in the height and width of a top
map size of 256.

This would yield 65,536 scanned points in the area of

interest.
3.7

Finite Element Analysis (FEA)
FEA is a useful analytical tool that plays an important role in the

design of components and also in research. As part of this study a crystal
plasticity model [34] implemented into Abaqus, a FEA code, is used to study
the hydrostatic stresses around two GBTPs from a specimen strained
monotonically. One of the GBTPs was found to nucleate a void while the
other GBTP did not nucleate a void.
The present study on the characterization of the mechanical and
microstructural properties of AA6022-T43 shows that crack nucleation as a
result of uniaxial tensile strain consistently occurs first at GBTPs since
second phase particles and inclusions are negligible. In thin rolled sheet

-26aluminum initial porosity is negligible and a plane strain constraint is
reduced. As the material is strained not all of the GBTPs show nucleation of
voids. A crystal plasticity model implemented into a FEA code may be used
to analyze the GBTPs with respect to the development of large local
hydrostatic stresses that induce voids to nucleate. Most continuum damage
mechanics models rely on constitutive relations that consider void nucleation
from inclusions and second phase particles [35]. The finite element analysis
used in this study is focused on void nucleation that occurs at GBTPs.
Two GBTPs, Figure 3.2, were analyzed using a crystal plasticity
model [34] implemented into the aforementioned Abaqus finite element code.
The two GBTPs were from an AA6022-T43 tensile specimen strained to 70%εf. EBSD was used to find the crystal orientations that are given in ideal
notation and listed nearest their respected grains along with crystal mimics,
shown in Figure 3.2.

Ideal notation refers to the {plane normal} and

<crystallographic direction parallel to RD>. The plane normal is defined as
the crystallographic plane that is normal to the ND of the reference
coordinate system.
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Figure 3.2: (a) GBTP where a void nucleated and (b) GBTP where a void did
not nucleate in a specimen strained to 70%-εf. The tensile axis
is vertical and marked by RD and the associated grain
orientations and crystal mimics are shown in conjunction with
the SEM-SEIs
The crystal plasticity material model relies on the orientations of the
grains and material constants. Orientations of the grains with respect to the
reference coordinate system were found from EBSD and reported in ideal
notation in Figure 3.2. Orientations of the grains were input into the model
as Roe angles. These Roe angles are calculated from the Miller indices of
crystallographic planes {h k l} and directions <u v w> of the ideal notation
using Equations (3.1)-(3.3) [36, 37].
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(3.1)

(3.2)

(3.3)
Material model constants were determined from uniaxial stress-strain
data.

Figure 3.3 shows the curve calculated from the material constants

along with an experimental stress-strain curve. It is seen that the model
matches the data well up to 15%-εT, where εT is the true strain. This level of
strain corresponds to approximately 70%-εf. The constants that were found
from the stress-strain data are shown in Table 3.2.
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Figure 3.3: Comparison of the experimental vs. calculated true stress vs.
true strain data used in the correlation of the crystal plasticity
model [34]
Table 3.2:

Crystal plasticity material constants

-30The boundary conditions used in the FEA are shown in Figure 3.4. A
prescribed displacement yielding 70%-εf was forced upon the top nodes of the
mesh. The bottom nodes of the mesh were fixed in all degrees of freedom,
and the nodes on the sides of the mesh were fixed to permit only vertical
translations.

Figure 3.4: Boundary conditions used in the FEA of the GBTPs
The mesh was refined near the GBTP because it was the area of
interest. In Figure 3.5 the mesh is shown along with the refinement at the
GBTP. The nomenclature for the grains in the GBTP for the FEA is shown in
Figure 3.6.
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Figure 3.5: Mesh and mesh refinement near GBTP

Figure 3.6: Labeling of the grains used in the model

CHAPTER IV
RESULTS & DISCUSSION
4.1

DSC
The solutionized AA6022 DSC trace obtained is shown in Figure 4.1.

According to studies [6, 7] peaks I, II, III, IV, and V correspond to the
formation of GP zones, precipitation of β”, precipitation of β’, precipitation of
β and Si, and the dissolution of β and Si, respectively.

-32-

-33-

Figure 4.1: DSC trace of solutionized AA6022 taken with a scan rate of
10°C/min
4.2

Tensile Tests
Three orientations with respect to the rolling direction were tested.

Five tests each were run with specimens machined at 0, 45, and 90-deg to the
rolling direction. As seen from the test plots the repeatability of the tests at
each orientation was good. The true stress-strain diagrams for tests run at 0,
45, and 90-deg to the rolling direction can be seen in Figure 4.2, Figure 4.3,
and Figure 4.4.
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Figure 4.2: True stress-strain plot taken from tests run at 0-deg to the
rolling direction.
In test 5 the extensometer slipped at
approximately 0.05-εT

Figure 4.3: True stress-strain plot taken from tests run at 45-deg to the
rolling direction
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Figure 4.4: True stress-strain plot taken from tests run at 90-deg to the
rolling direction
In Table 4.1 the calculated mean elastic modulus is reported along
with the standard deviation, the coefficient of variation, and a 95-%
confidence interval for specimens run at 0, 45, and 90-deg to the rolling
direction. Dividing the standard error by the mean and multiplying by 100
forms the coefficient of variation in ASTM E111 [24].

Essentially, the

coefficient of variation is the random uncertainty in the specimen. To form a
95-% confidence interval the coefficient of variation is multiplied by the
proper t-statistic. This resulting number is added to and subtracted from the

-36mean to form an interval that contains the parent population mean value
with 95-% confidence.
Table 4.1:

Elastic Modulus data from tensile tests

In Table 4.2, Table 4.3, and Table 4.4 elastic modulus (E), 0.2% offset
yield strength (Sy), ultimate tensile strength (UTS), and strain to failure (εf)
are reported for specimens run at 0, 45, and 90-deg to the rolling direction,
respectively.

With the exception of Young’s modulus (E) confidence and

tolerance intervals are supplied for each of the values.

Adding and

subtracting the values in the respective columns from the mean values form
the intervals. A tolerance interval pertains to an interval that would contain
95% of the population with 95% confidence.
Table 4.2:

Mechanical properties obtained from tensile tests at 0-deg to the
rolling direction

-37Table 4.3:

Mechanical properties obtained from tensile tests at 45-deg to
the rolling direction

Table 4.4:

Mechanical properties obtained from tensile tests at 90-deg to
the rolling direction

4.3

Optical Microscopy
Both strained and unstrained specimens were examined.

The

microstructure was found to be clean with minimal inclusions and second
phase particles.

This is attributed to the carefully controlled chemical

composition and thermomechanical processing [1]. In Figure 4.5 a polished
and unetched AA6022-T43 specimen is shown before straining.
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Figure 4.5: Optical micrograph of the RP of AA6022-T43 polished and
unetched with 0% strain. Note the absence of inclusions and
second phase particles. The scale marker bar is 200-µm
Observations made with the OM on etched specimens of the RP reveal
the microstructure of AA6022-T43 to be composed of approximately 40-µm
grains, as determined from the linear intercept method. In [4] this procedure
was completed on all sides of the specimen, and it was determined that the
grains were equiaxed. In Figure 4.6 the RP of a polished and over-etched
AA6022-T43 specimen shows the grain boundaries.
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Figure 4.6: Optical micrograph of the RP of AA6022-T43 polished and
etched with a modified Keller's reagent, with a marker bar of
200-µm. The grains are approximately 40-µm. In this optical
micrograph the specimen has been severely over-etched
Several studies have reported that the internal damage in rolled
aluminum sheet is highly localized within shear bands [1-3]. Similar to the
results presented by Sarkar [2] on AA6111, no voids were detected in the
strained AA6022-T43 specimens using optical microscopy except in regions of
localized necking. This is best illustrated from a specimen with the rolling
plane polished after fracture for viewing. In Figure 4.7 a limited level of
damage is shown very near the fracture surface.
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Figure 4.7: Optical micrograph of the RP of an unetched AA6022-T43
specimen strained to failure. There are no voids except very
near the fracture surface
4.4

Scanning Electron Microscopy
The tensile specimens were metallographically polished before

straining. After straining to the desired level the specimens were sectioned
and examined in the SEM. Noticeable surface roughening occurs very early
in the deformation process, approximately 1%-2%-εT (possibly at the onset of
plastic deformation) as was observed without interrupting the tests during
straining.

This surface roughening is not observed when straining the

received unpolished specimens.

-41Shear banding within some grains was evident in the specimens
strained to 70%-εf, as can be seen in Figure 4.8 and Figure 4.9.

Crack

nucleation was observed at some GBTPs, but no shear bands were observed
to have initiated cracks as shown in Figure 4.8 and Figure 4.9. In these
specimens the tensile axis coincides with the rolling direction and is vertical
in the images.

Figure 4.8: AA6022-T43 strained 70%-εf at 0-deg to the rolling direction. In
the upper right hand of the image there is a significant crack
nucleating from a GBTP. Other GBTPs did not nucleate cracks.
At this level of strain, no shear bands were observed to pass
across grain boundaries or to have initiated cracks
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Figure 4.9: AA6022-T43 strained 70%-εf at 0-deg to the rolling direction.
Note the void nucleating from a GBTP
Indications of void nucleation at GBTPs are also observable in
specimens strained to 90%-εf as shown in Figure 4.10 (c). Both intergranular
cracks at the grain boundaries and intragranular cracks along shear bands
within the grains are observed. In Figure 4.10 there is cracks that follow
through the shear bands of one grain (b) and along the grain boundary of
others (a).
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Figure 4.10: AA6022-T43 strained to 90%-εf along the rolling direction. Both
intergranular (a) and intragranular (b) cracks are observed,
along with void nucleation from a GBTP (c)
At specimens strained to 90%-εf intragranular cracks following shear
bands are observed and attribute to a large portion of the observable damage
on the surface. Evident in Figure 4.11 are shear bands across several grains
with the same general direction.
cracks along the grain boundaries.

Some of these shear bands merge with
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Figure 4.11: AA6022-T43 strained to 90%-εf along the rolling direction. The
surface damage seems to be largely attributed to shear banding.
An intergranular crack (a) has merged with cracks along the
shear bands (b)
4.5

EBSD

4.5.1 EBSD Initial Microstructure
EBSD characterization was performed on unstrained specimens and
specimens strained to 70%-εf and 90%-εf.

The characterization of the

unstrained specimens lends insight into the grain size, morphology, and
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the relationship of damage with the microstructural features.
The initial EBSD characterization of AA6022-T43 consisted of
obtaining OIM data for the three orientations of rolled sheet: RP, TP, and LP.
Two sets of OIMs were obtained for each plane. In Figure 4.12 we have an
electron micrograph and OIMs for the rolled plane surface.

The data is

presented in three images that correspond to the surface of the rolled sheet.
The colors of the grains are representative of crystallographic directions,
Figure 4.13, relative to the reference coordinate system. In the upper right
hand OIM of Figure 4.12, marked Normal Direction, the crystallographic
direction parallel to the ND of the reference coordinate system is colored
according to Figure 4.13.

The other two OIMs represent crystallographic

directions parallel to the RD and TD of the reference coordinate system.
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Figure 4.12: (a) Shows a SEM-SEI of the surface of the rolling plane
analyzed. The OIM data is shown in (b) normal direction, (c)
reference direction, and (d) transverse direction

Figure 4.13: Standard stereographic triangle color-coded for crystallographic
direction

-47Figure 4.14 (a) shows the grain boundary misorientations overlaid onto
the electron image. The lines representing the misorientations are colored
according to misorientation angle.
histogram of misorientations.

Figure 4.14 (b) shows the respective

Angles below 3-deg were filtered from the

data. From Figure 4.14 (a) and (b) it is seen that there is a high degree of
crystalline perfection within the grains, and that the majority of the grain
boundaries are high angle.
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Figure 4.14: (a) Electron micrograph with misorientation overlay.
Misorientation histogram documenting the angle of
misorientation and the quantity

(b)
the

Generally high angle grain boundaries are considered as those having
a misorientation greater than 10 to 15-deg. This range of grain boundary

-49misorientations is generally associated with a completely recrystallized
structure that retains no texture. From the data recorded numerically an
accurate percentage count of the grain boundary misorientation angles can be
performed. By calculating the %-total of misorientations between 3 to 10-deg
and 3 to 15-deg it was determined that 95% of the grain boundary angles
were greater than 10-deg, and 90% of the grain boundary angles were greater
than 15-deg.
Grain maps are created based on the misorientation angle. In all of
the scans analyzed a threshold angle of 5-deg was used to discriminate
between grains. Figure 4.15, a grain map for the rolling plane, shows the
distribution of grain sizes. In this grain map 116 grains were observed with
an average equivalent diameter of 39-µm.
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Figure 4.15: Grain map for the RP
The EBSD data can also be used to examine the microstructure for
evidence of texture. One way to view the macro texture of the specimen is
with pole figures. In pole figures crystallographic directions are displayed on
the equatorial plane viewed from the ND. The axes of the pole figure are the
reference coordinate system: RD, TD, and ND. In Figure 4.16 the <110>
poles are plotted to form the pole figure.

If all the grains had similar

orientations then the plotted poles would lie close to one another.
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Figure 4.16: <110> Pole Figure of RP showing little texture
OIMs for the normal direction of the RP, LP, and TP at the same
magnification were arranged to represent the microstructure of AA6022-T43
in three dimensions. This three dimensional representation can be seen in
Figure 4.17.
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Figure 4.17: 3D representation of microstructure from EBSD. All of the scale
markers are 100-µm
Upon inspection of the OIMs taken from the RP, TP, and LP the
average equivalent diameter of the grain sizes was determined. Table 4.5

-53displays the specimen plane along with the number of grains recorded to
determine the average equivalent diameter.
Table 4.5:

Average equivalent diameters for the grains of the RP, LP, and
TP

4.5.2 EBSD Strained Microstructure
In Figure 4.18 an electron micrograph and associated OIMs are shown
for a specimen strained to 70%-εf. Shear banding in the grains is evident and
can be seen in the electron image. Also, evident in the electron image is a
GBTP that has nucleated a crack. The black spots in the OIMs are regions
where the diffraction patterns did not solve. Most of these missed solves can
be attributed to regions of crystalline damage due to deformation.

The

different colors within the grains are produced by lattice curvature from
deformation.
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Figure 4.18: (a) Shows a SEM-SEI of the surface of the rolling plane of a
specimen strained to 70%-εf. The OIM data is shown in (b)
normal direction, (c) reference direction, and (d) transverse
direction
From Figure 4.19 (a) and (b) it is seen that there is an increase of small
angle misorientations as a result of deformation. The regions experiencing
the most localized deformation are marked by small angle misorientations,
bottom right of Figure 4.19 (a). It also appears that there is order to the
small angle misorientations, in which they may mark subgrain boundary

-55formations, as can be seen by comparing Figure 4.19 (a) with the orientation
maps of Figure 4.18.

Figure 4.19: (a) Electron micrograph with misorientation overlay from the
RP of a specimen strained 70%-εf. (b) Misorientation histogram
documenting the angle of the misorientation and the quantity

-56The quantity of high and low angle grain boundaries were calculated
and are shown in Table 4.6. There is a noted increase in the number of small
angle misorientations.
Table 4.6:

Percent of low and high angle misorientations in a specimen
strained to 70%-εf

Figure 4.20 shows a SEM-SEI and the OIM data obtained from a
specimen strained to 90%-εf. In this specimen cracking can be observed along
the shear bands, which produced damage on the surface. In the middle of the
SEM-SEI of Figure 4.20 a grain can be observed with shear bands passing
across its GBs.

The large amounts of damage in the region prevented

mapping of the misorientation angles across the grain.
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Figure 4.20: (a) Shows a SEM-SEI of the surface of the rolling plane of a
specimen strained to 90%-εf. The OIM data is shown in (b)
normal direction, (c) reference direction, and (d) transverse
direction
The increase in the number of small misorientations is seen in Figure
4.21.

More evident in Figure 4.21 (a), on the right of the image, is the

tendency for low angle misorientations to follow shear bounds and to possibly
indicate subgrain boundary formations.
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Figure 4.21: (a) Electron micrograph with misorientation overlay from the
RP of a specimen strained 90%-εf. (b) Misorientation histogram
documenting the angle of the misorientation and the quantity
A magnified region of a specimen strained to 90%-εf showing shear
bands terminating at a grain boundary can be seen in Figure 4.22. The OIMs

-59show two grains with the non-shear banded grain on the right hand of the
image experiencing more lattice curvature than the shear-banded grain.

Figure 4.22: (a) Shows a SEM-SEI of shear bands terminating at a GB on the
surface of the rolling plane of a specimen strained to 90%-εf.
The OIM data is shown in (b) normal direction, (c) reference
direction, and (d) transverse direction
Figure 4.23 shows a schematic of the two grains in Figure 4.22 (a)
along with their respective orientations given in ideal notation. The grain on
the left contains shear bands while the grain on the right does not contain
shear bands.

The grain on the right that does not contain shear bands is

-60oriented such that the close packed planes are normal to the tensile axis and
the resolved shear stress on the slip plane is zero.

Figure 4.23: Schematic of the SEM-SEI of Figure 4.22(a) along with the grain
orientations given in ideal notation
From Figure 4.24 the misorientation angle is determined to be
approximately 45-deg. Formation of small angle misorientations is observed
near shear bands and regions of higher local deformation.
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Figure 4.24: (a) Electron micrograph with misorientation overlay from the
RP of a specimen strained 90%-εf. (b) Misorientation histogram
documenting the angle of the misorientation and the quantity
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FEA

4.6.1 GBTP conditions that nucleated a void
The hydrostatic stresses present around GBTPs warranted study
because hydrostatic stresses induce voids to nucleate and GBTPs have been
seen to nucleate voids. This analysis was for the GBTP in Figure 3.2 (a) that
nucleated a void when strained to 70%-εf. Figure 4.25 shows a schematic of
the model of the GBTP that nucleated a void along with the associated grain
orientations in ideal notation that were found from EBSD. Roe angles for the
GBTP were calculated from the ideal notation and are given as, grain-1:
0.802, 1.857, and 2.696, grain-2: 1.673, 2.537, and 1.6, and grain-3: 0.656,
2.186, and 1.476.

Figure 4.25: Schematic representative of the GBTP that nucleated a void
when strained to 70%-εf. The orientations of the grains are
given in ideal notation

-63Contour stress plots of the hydrostatic pressure are shown in Figure
4.26. At the GBTP there is a negative hydrostatic pressure that causes a void
to nucleate.

Figure 4.26: Contour plots of the hydrostatic pressure around the GBTP that
nucleated a void

4.6.2 GBTP conditions that did not nucleate a void
This analysis was for the GBTP in Figure 3.2 (b) that did not nucleate
a void when strained to 70%-εf. Figure 4.27 shows a schematic of the model of
the GBTP that did not nucleate a void along with the associated grain
orientations in ideal notation that were found from EBSD. Roe angles for the
GBTP were calculated from the ideal notation and are given as, grain-1: 0.65,

-642.103, and 1.425, grain-2: 1.07, 2.721, and 1.72, and grain-3: 0.303, 0.357, and
1.462. Hydrostatic stress contour plots are shown in Figure 4.28. At the
GBTP there is a positive hydrostatic pressure that is not conducive to void
nucleation.

Figure 4.27: Schematic representative of the GBTP that did not nucleate a
void when strained to 70%-εf. The orientations of the grains are
given in ideal notation
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Figure 4.28: Contour plots of the hydrostatic pressure around the GBTP that
did not nucleate a void
The results of the hydrostatic pressure at the GBTPs obtained from the
FEA are summarized in Table 4.7. The GBTP that nucleated a void had a
negative hydrostatic pressure, while the GBTP that did not nucleate a void
had a positive hydrostatic pressure.
Table 4.7:

Summary of FEA of GBTPs

CHAPTER V
CONCLUSIONS
From the EBSD analyses the initial microstructure was observed to be
comprised of approximately 40-µm equiaxed grains.

The majority of the

grain boundary misorientations were high angle, with 95% greater than 10deg and 90% greater than 15-deg.
Polishing subsequent to straining obscures the affect that surface
damage plays in fracturing rolled sheet aluminum. When strained specimens
are polished subsequent to straining, damage is not evident except very close
to the fracture surface. In this study specimens strained to 70% and 90% of
the failure strain (εf) were examined.

There were some interesting

observations made. First, the first cracks to nucleate were at grain boundary
triple points. Second, not all grain boundary triple points nucleated cracks.
Third, the shear bands in individual grains did not cross grain boundaries
until the strain was in excess of 70%-εf.
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-67EBSD analysis on the strained specimens allowed the determination of
orientations of both a GBTP that nucleated a void and a GBTP that did not
nucleate a void in an AA6022-T43 specimen strained to 70%-εf.

These

orientations were used in conjunction with a crystal plasticity model [34]
implemented in Abaqus to study the hydrostatic pressures around the
GBTPs. Material constants were found from experimental stress-strain data.
In examining the hydrostatic pressures the GBTP that nucleated a void had
negative the hydrostatic pressure around the GBTP and for the GBTP that
did not nucleate a void the hydrostatic pressure was positive. If the grains
are oriented so that subsequent tensile deformations force a compressive
hydrostatic pressure at the GBTP, cracks probably will not nucleate.
However, if the grains are oriented to produce a tensile hydrostatic pressure,
then crack nucleation is likely.

CHAPTER VI
RECOMMENDATIONS FOR FUTURE STUDIES
The FEA performed in this study was for two specific GBTPs, one of
which nucleated a void during deformation while the other did not. In these
analyses it was seen that the hydrostatic pressure was either positive or
negative.

It would be beneficial to quantify the hydrostatic pressure at

GBTPs as a function of misorientation angles.
systematically

choosing

Roe

angles

to

This could be done by

produce

various

degrees

of

misorientations and examine the response of the GBTP to prescribed
displacements with a crystal plasticity model implemented into a FEA code.
It was hard to determine an angle through which a shear band could
pass or not pass, partly because the specimens were not examined in-situ. By
the time enough strain was input into the sample to force shear bands to
cross through grain boundaries it became hard to accurately determine the
misorientations or the original orientations of the grains. Quantifying the
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-69grain boundaries that could allow shear bands to pass would need to be done
with in-situ experiments and specially prepared aluminum crystals.
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APPENDIX A
Operational Parameters of EBSD

-73-

-74Obtaining

good

diffraction

patterns

requires

that

the

proper

operational parameters of EBSD be met, which includes sample preparation
and instrument settings.

EBSD is sensitive to crystal perfection, so

specimens must have surface damage removed by some form of polishing.
Because the sample is tilted at 70-deg a smooth surface is also required to
keep from shadowing the diffraction pattern with other parts of the specimen,
and to allow for the correct tilt angle to be maintained during OIM. Suitable
smoothing and polishing procedures vary depending on the type of material
being analyzed.
Instrument settings also affect the quality of the diffraction patterns
and

include:

integration

time,

background

removal,

probe

current,

accelerating voltage, and working distance. Integration time refers to the
time spent for collecting an image with the CCD camera from the phosphor.
Short integration times give a poor signal to noise ratio compared to longer
integration times, but longer integration times can greatly increase the
duration of the EBSD experiment. When dealing with a high resolution OIM
containing 100,000 points or more a slight change in the integration time of
each point can drastically increase the time of the overall experiment.
Therefore, it is important to determine the optimum integration time
required to solve for a diffraction pattern when collecting OIMs.

-75Backgrounds are formed as a result of electrons on the phosphor screen
that do not belong to the diffraction pattern and consequently reduce its
contrast.

The background can be removed by subtraction or division

methods. First, a suitable background is obtained by rapidly scanning the
electron beam over the polycrystalline sample and collecting the resulting
image on the phosphor screen. No crystallographic detail should be visible in
the image. By subtracting the background from the raw image more contrast
and better quality is observed in the corrected diffraction pattern.
Background division also increases pattern quality and contrast by
eliminating image artifacts.
As the probe current is increased the number of electrons available for
diffraction increases allowing the integration time to be decreased. However,
increasing the probe current also increases the beam diameter reducing
spatial resolution.
accelerating voltage.

Another parameter that may be manipulated is the
Increasing the accelerating voltage deposits more

energy on the phosphor resulting in a brighter pattern requiring less
integration time, but adjusting the accelerating voltage also changes the
width of the Kikuchi band and may require that different Hough transform
filters be used to accurately index the electron backscattered diffraction
pattern.

-76Choosing an appropriate working distance is another important
parameter to acquiring good diffraction patterns.

The system remains in

calibration for a limited range of working distances, and the EBSD
experiment should remain within a range of working distances that the
EBSD system is accurately calibrated.

Because the sample is tilted, the

working distance changes with respect to its location on the vertical axis of
the specimen. At low magnifications this becomes more of a concern because
of the increased field of view. The pattern center changes with respect to the
working distance and in extreme cases it may be necessary to compensate for
shifts in the pattern center.
The majority of the parameters affecting the quality of EBSD
diffraction patterns and subsequent OIMs are inherently intertwined.
Choosing the optimal settings depends not only upon the type of specimen at
hand, but also on the type of information to be gathered. A delicate balance
between time and accuracy must be chosen and experimentation performed
to set the optimal parameters.

